1. Introduction {#sec1}
===============

A biomaterial is a natural or synthetic material engineered to interact with the biological system and used in tissue repair and the creation of implants. Many types of metallic materials including stainless steel 316L, cobalt-chromium alloy, and titanium (Ti) and its alloy (Ti--6Al--4V) are used as implant biomaterials \[[@bib1]\]. Through the replacement and restoration of traumatized or degenerated tissues or organs, these implant biomaterials aim to improve the life quality of patients \[[@bib2]\]. In order to be considered as an appropriate biomaterial, bioactivity is one of the most significant characteristics. For example, orthopedic implants should be able to facilitate bone induction and cell proliferation, *i. e.*, osteoinduction; cardiovascular implants should be able to induce the growth of blood vessels *i. e.*, angiogenesis; it is also beneficial for implant surfaces that can kill or prevent the growth of bacteria -- antimicrobial activity. These characteristics are closely related to the implant surface properties and the interface actions between implants and tissue. When the implant surface could not integrate well with the host tissues, fibrous tissue would develop at the interface, and this leads to loosening and eventual failure of the implant.

Surface coating is one of the most conventional and widely adopted methods to improve the surface biocompatibility and bioactivity of the biomaterials \[[@bib3], [@bib4], [@bib5], [@bib6]\]. Compared to the other materials, bioactive glasses are highly biocompatible and have a greater chance of integrating with human tissue than the metal implants stated above, making them a good option for improving the biocompatibility and bioactivity of these metals. Bioactive glass offers the following benefits: replacing damaged bone and tissue that will integrate well with the body\'s environment, facilitating tissue regeneration, and degrading at a similar rate of tissue regeneration \[[@bib7]\]. As a coating material, bioactive glasses can facilitate better integration of the metal implants to the host tissue by forming apatite at the interfaces. Furthermore, they can regulate or inhibit corrosions of the implant metals in biological environments.

There are several review papers published in the related area previously. For example, Sola et al. summarized the bioactive glass coating \[[@bib7]\] and Bellucci et al. specifically summarized the thermal expansion coefficient of different bioactive glasses \[[@bib8]\]. Baino et al. \[[@bib9]\] focused on the orthopedic and other biomedical applications of bioactive glass-coated materials. In the present study, a comprehensive review of the bioactive glass coating on the metallic implants was conducted. Additionally, beside bioactive glasses, glass-ceramics and glass/polymer composites are also commonly used as coating materials for the benefit of mechanical strength, bioactivity, adhesion strength, chemical stability and surface functionality \[[@bib10], [@bib11], [@bib12], [@bib13], [@bib14]\]. Therefore, these materials were also summarized in this study.

2. Metallic implants {#sec2}
====================

2.1. Traditional metallic implants {#sec2.1}
----------------------------------

Stainless steel (SS), titanium (Ti) and its alloys, and cobalt-based alloys are the top three Traditional metallic implant materials. [Table 1](#tbl1){ref-type="table"} shows a list of commonly used metallic implants and their physical and mechanical properties \[[@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27]\].Table 1Physical and mechanical properties of common used metallic implants compared with bone tissue.Table 1MaterialYoung\'s Modulus, E (GPa)Yield Strength $\mathbf{\sigma}_{\mathbf{y}}$ (MPa)Tensile Strength $\mathbf{\sigma}_{\mathbf{UTS}}$ (MPa)Density (g/cm^3^)Thermal Expansion coefficient (10^−6^/°C)Ref.Cortical Bone15--3030--7070--1501.7527.5\[[@bib15],[@bib16]\]Stainless Steel 316L200221--1213586--13518.0319.5\[[@bib17]\]Pure Titanium (Ti) -Grade 11104857604.518.5\[[@bib19]\]Ti--6Al--4V101--120795--1034860--11034.438.7\[[@bib19]\]Cobalt--Chromium210--253448--1606655--18698.315.1\[[@bib18]\]Pure Magnesium452090--1901.7426\[[@bib15],[@bib20]\]AZ3145171--303241--3651.7826\[[@bib21]\]Pure Iron2111502107.8712\[[@bib22]\]Fe--30Mn2012395187.648.8\[[@bib22], [@bib23], [@bib24]\]Pure Zinc90--10010--8520--1707.1430--35\[[@bib25]\]Zn--1Mg--180340----\[[@bib26]\]Zn-0.7Li--476568----\[[@bib27]\]

SS is one of the most commonly used materials in making implants that apply to treatments such as hard tissue repair, fabrication of cardiovascular stents and valves, and orthopedic prosthesis \[[@bib1]\], dentistry, craniofacial surgery, and otorhinology applications \[[@bib28]\]. SS-316L is especially known for its good fatigue properties, ductility, and work hardenability \[[@bib29]\]. Bekmurzayeva et al. acknowledges a common functionality that limits the use of SS-316L for different implant applications to be lack of bio-functionality, and goes further into investigating different pre-treatments in the form of surface modifications to increase its anti-fouling properties \[[@bib1]\]. Another downfall that poses an issue for the use of SS-316L in these biomedical applications includes its inability to consistently integrate with the bodily tissue and low blood compatibility. SS tends to corrode in the body at regions where there is not enough oxygen to maintain the passive film and in areas where crevices are formed. This can easily lead to the failure by fracture of common applications like the femoral components.

Commercially pure Ti and its Ti--6Al--4V alloy are known in the biomedical field for their high strength, low density, excellent corrosion resistance, and are therefore quite capable of manufacturing lightweight implants with high strength \[[@bib30]\]. Therefore, they present as and are the primary material type to prepare dental implants \[[@bib19],[@bib31],[@bib32]\]. Titanium and its alloys are bioinert; they have excellent biocompatibility as they are able to form very stable oxides on their surfaces \[[@bib32],[@bib33]\]. However, titanium and its alloy maintain a relatively low hardening coefficient, making it quite difficult to improve their mechanical properties by common strengthening mechanisms such as work hardening \[[@bib30]\]. Additionally, it is known that titanium alloy Ti--6Al--4V, when corroded, produces high toxicity in the body when it enters the bloodstream \[[@bib30]\].

Cobalt-chromium alloy is quite popular in biomedical engineering applications such as metal-on-metal hip resurfacing joints because of their superiority ion corrosion resistance, low wear performance, and biocompatibility. As a metal alloy, they have relatively good mechanical properties, however, they often fall short with their ability to be easily fabricated which limits them to specialized fabrication methods \[[@bib34]\]. Previous research has also indicated the leaching of chromium and cobalt into the bloodstream when the metals are in direct contact with each other in implantation \[[@bib35], [@bib36], [@bib37]\].

Haynes et al. conducted an *in vivo* experiment using rats to compare the difference in toxicity and release of metal on metal implants using titanium grade 5 and cobalt-chromium implants \[[@bib38]\]. Results concluded that the titanium-aluminum-vanadium alloy implant leached particles induced a much larger release of prostaglandin E2 in comparison to the cobalt-chromium particles. Additionally, it was noted that the presence of the titanium alloy particles also increased the interleukin-1, interleukin-6, and tumor necrosis factor. Whereas, the chromium-cobalt alloy particles reduced the release of prostaglandin E2 and interleukin-6, while it had little effect on the release of interleukin-1 and tumor necrosis factor \[[@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44]\]. Therefore, it is safe to say that cobalt-chromium is a superior choice over titanium and its alloys for large joint replacement applications.

2.2. Biodegradable metallic implants {#sec2.2}
------------------------------------

Compared to the traditional implants, biodegradable implants can be gradually degraded and replaced by newly formed tissue. Ideally, the biodegradation rate should match the new tissue forming rate. There are three main kinds of biodegradable metals: iron (Fe), magnesium (Mg), and zinc (Zn) \[[@bib45],[@bib46]\]. In addition to their *in vivo* biodegradation characteristics in body fluids, the common benefits of these three kinds of biodegradable metals are their presence of natural ionic content that may contribute to functional roles in physiological systems \[[@bib47], [@bib48], [@bib49], [@bib50]\]. As shown in [Table 1](#tbl1){ref-type="table"}, Fe and its alloys have much higher strengths and lower degradation rates than the other two metals, while Zn alloys own a mild degradation behavior and their mechanical strength could also meet the requirement after appropriate alloying and post-treatments \[[@bib50], [@bib51], [@bib52], [@bib53], [@bib54]\]. Fe and Zn possess higher densities than bone tissue, which makes them better candidates as vascular stents or bone scaffolds than bone plates \[[@bib22],[@bib55], [@bib56], [@bib57]\]. Mg has physical and mechanical properties quite similar or within range to cortical bone, including density, elastic moduli and compressive strength \[[@bib58],[@bib59]\]. They are known to be biocompatible, bioactive, and biodegradable materials, able to form scaffolds that can be used in loadbearing applications \[[@bib47]\]. The downfall of the use of Mg-based alloys is that they have relatively high degradation rates. Therefore, surface modification with different coatings is critical for its clinical applications \[[@bib59]\].

3. Bioactive glass coating {#sec3}
==========================

The metallic materials as mentioned above could be improved by three main routines to suit for biomedical applications: alloying design, novel structure design and surface modification \[[@bib45],[@bib60]\]. Alloying design is the main and best routine to improve the mechanical property, while novel structures including porous structure, nanostructure and glassy structure provide multiple choices for different biomedical applications. Compared to these two routines, surface modification is more conventional and widely adopted to modify the surface topology, chemical composition, and wetting property. Through the suitable surface modifications, the surface biocompatibility and bioactivity of the biomaterials can be improved \[[@bib3], [@bib4], [@bib5], [@bib6]\]. Compared to the other surface modifications, it is more effective and efficient to use bioactive materials as coating on the metallic substrates. Polymers and ceramics are the two main bioactive materials to be used as coating materials. Although bioactive glasses are not as common-used as polymers for coating materials, their unique properties could provide multiple functions. Based on the coating composition, the bioactive glass and its composite coatings are introduced as follows:

3.1. Bioactive glass coating {#sec3.1}
----------------------------

45S5 Bioglass® (46.1SiO~2~-24.4Na~2~O-26.9CaO-2.6P~2~O~5~ in mol%) was one of the first bioactive glasses discovered by Prof. Larry Hench about five decades ago and is still one of the most studied bioactive glass compositions \[[@bib61],[@bib62]\]. The glass matrix can accommodate various dopants while maintaining the glass character and basic physical and chemical properties \[[@bib63]\]. Many new glass compositions have been proposed and found several biomedical applications from dental filling, drug delivery, coating to load-bearing metal implants, to tissue engineering \[[@bib64]\]. The composition flexibility enables large design space and the capability to introduce additional functionality such as enhancement of osteo-growth by Sr^2+^ \[[@bib65], [@bib66], [@bib67]\], angiogenesis by Cu^2+^ \[[@bib68], [@bib69], [@bib70]\], and antibacterial by Ag^+^ in bioactive glasses \[[@bib71]\]. [Table 2](#tbl2){ref-type="table"} summarizes the commonly used bioactive glass coatings with their components and thermal properties \[[@bib72], [@bib73], [@bib74], [@bib75], [@bib76]\].Table 2Commonly used bioactive glass coatings and their thermal properties.Table 2Bioactive glassesComposition (wt%)Thermal propertiesThermal expansion coefficient (10^−6^/K)Ref.Bioglass45SiO~2~-24.5Na~2~O-24.5CaO-6.0P~2~O~5~T~g~ (511 °C), T~s~ (557 °C)15.1\[[@bib72]\]6P4444.2SiO~2~-17.0Na~2~O-4.6K~2~O-18.0CaO-10.2MgO-6.0P~2~O~5~T~g~ (516 °C), T~s~ (560 °C)13.06P5049.8SiO~2~-15.5Na~2~O-4.2K~2~O-15.6CaO-8.9MgO-6.0P~2~O~5~T~g~ (522 °C), T~s~ (560 °C)12.26P5554.5SiO~2~-12.0Na~2~O-4.0K~2~O-15.0CaO-8.5MgO-6.0P~2~O~5~T~g~ (548 °C), T~s~ (602 °C)11.06P6161.1SiO~2~-10.3Na~2~O-2.8K~2~O-12.6CaO-7.2MgO-6.0P~2~O~5~T~g~ (564 °C), T~s~ (624 °C)10.26P6867.7SiO~2~-8.3Na~2~O-2.2K~2~O-10.1CaO-5.7MgO-6.0P~2~O~5~T~g~ (565 °C), T~s~ (644 °C)8.87Na~2~O--50CaO--3TiO~2~--40P~2~O~5~ (mol%)T~c~ (540--670 °C)18\[[@bib73]\]7Na~2~O--60CaO--3TiO~2~--30P~2~O~5~ (mol%)T~c~ (600--730 °C)12H127.5SiO~2~-8.0Na~2~O-40.0B~2~O~3~-40.0CaO-2.0Al~2~O~3~-2.5P~2~O~5~T~g~ (565 °C), T~d~ (590 °C), T~x~ (755 and 780 °C),9.7 ± 0.3\[[@bib74]\]B186.5SiO~2~-12.5Na~2~O-41.5B~2~O~3~-35.0CaO-3.5Al~2~O~3~-1.0P~2~O~5~T~g~ (510 °C), T~d~ (547 °C), T~x~ (700 and 750 °C),10.1 ± 0.30Sr49.96SiO~2~-7.25MgO-3.30Na~2~O-3.30K~2~O-3.00ZnO-1.07P~2~O~5~-32.62CaO (mol%)T~g~ (604 °C), T~c~ (808 °C)\[[@bib75]\]10Sr49.96SiO~2~-7.25MgO-3.30Na~2~O-3.30K~2~O-3.00ZnO-1.07P~2~O~5~-29.36CaO-3.26SrO (mol%)T~g~ (580 °C), T~c~ (818 °C)50Sr49.96SiO~2~-7.25MgO-3.30Na~2~O-3.30K~2~O-3.00ZnO-1.07P~2~O~5~-16.31CaO-16.31SrO (mol%)T~g~ (590 °C), T~c~ (807 °C)100Sr49.96SiO~2~-7.25MgO-3.30Na~2~O-3.30K~2~O-3.00ZnO-1.07P~2~O~5~-32.62SrO (mol%)T~g~ (587 °C), T~c~ (753 °C)QM541.70SiO~2~-36.31CaO-7.82MgO-3.13ZnO-5.20Na~2~O-1.00K~2~O-4.70P~2~O~5~ (mol%)T~g~ (629 °C), T~c~ (811 °C)11.6\[[@bib76]\]QM841.70SiO~2~-30.00CaO-14.00MgO-3.13ZnO-5.20Na~2~O-1.00K~2~O-4.70P~2~O~5~ (mol%)T~g~ (584 °C), T~c~ (813 °C)11.4QM1041.70SiO~2~-26.00CaO-18.00MgO-3.13ZnO-5.20Na~2~O-1.00K~2~O-4.70P~2~O~5~ (mol%)T~g~ (606 °C), T~c~ (815 °C)11.3

3.2. Bioactive glass-ceramics composite coating {#sec3.2}
-----------------------------------------------

Glass-ceramics are materials that consist of the ability to achieve controlled devitrification and the evolution of variable proportions of crystalline and glassy phases \[[@bib77]\]. This allows for these materials to overcome the lacunae that are usually encountered in glasses. Two commonly used glass-ceramic coating material available for the benefit of improving mechanical strength such as apatite-wollastonite (A-W) containing glass-ceramic (BGC) \[[@bib78]\], and modified early-stage surface reactivity such as 45S5 sintered bioactive glass \[[@bib79]\]. The A-W glass-ceramic system was developed by Professor Tadashi Kokubo and his colleagues and has been proven to exhibit good mechanical, physical and biological properties when its crystallization behavior was extensively evaluated \[[@bib80]\]. Bioactive glass-ceramics serve as adequate options for coating applications because of their ability to form hydroxyapatite layer. [Fig. 1](#fig1){ref-type="fig"} shows different bioactive glass-ceramic composite coatings on Ti6Al4V and Mg--Ca alloys, respectively \[[@bib81],[@bib82]\]. Through a sol-gel process, bioactive glass, glass-ceramic or hydroxyapatite particles with methyl-triethoxisilane (MTES) and tetraethilorthosilicate (TEOS) were used as a coating on titanium alloy, as shown in [Fig. 1](#fig1){ref-type="fig"} a-c, respectively \[[@bib81]\]. [Fig. 1](#fig1){ref-type="fig"} d-e shows the surface and cross-sectional morphology of wollastonite and hydroxyapatite composite coatings prepared on Mg--Ca alloy substrates by pulsed laser deposition method. The corrosion resistance of the Mg alloy was improved after the coating treatment ([Fig. 1](#fig1){ref-type="fig"} f) \[[@bib82]\].Fig. 1Different bioactive glass-ceramic composite coatings on (a-c)Ti6Al4V and (d--f) Mg--Ca alloys, respectively: Sol-gel coating with (a) bioglass particles, (b) hydroxyapatite-wollastonite composite particles, and (c) hydroxyapatite particles \[[@bib81]\]; (d--e) Pulsed laser deposited hydroxyapatite-wollastonite composite coating on Mg--Ca alloy, and (f) the electrochemical corrosion behavior with potential dynamic polarization curves \[[@bib82]\].Fig. 1

3.3. Bioactive glass-polymer composite coating {#sec3.3}
----------------------------------------------

Beside bioactive glasses and glass-ceramics, glass/polymer composites are commonly used as coating materials for the benefit of bioactivity, adhesion strength, chemical stability and surface functionality \[[@bib14],[@bib83]\]. Chitosan is a natural cationic polymer which is derived from the natural occurring chitin through N-deacetylation \[[@bib28]\]. Chitin can be found in the crust and shells of e.g. crabs, lobster or butterflies \[[@bib29]\] and also in cell walls of fungi \[[@bib30]\]. The polysaccharide chitosan is highly considered for biomedical applications due to its biodegradability, biocompatibility and antibacterial activity \[[@bib19],[@bib20],[@bib29],[@bib31]\]. Furthermore, it can promote cell ingrowth \[[@bib29]\] and chelate metal ions \[[@bib32]\]. Chitosan has also been widely used to prepare coatings on metallic substrates by electrophoretic deposition (EPD) \[[@bib23],[@bib25],[@bib27],[@bib28],[@bib33]\], and some studies have been carried out to investigate the deposition of chitosan on Mg alloys, as recently reviewed \[[@bib6]\]. Most of the research investigating the application of chitosan/Bioglass as a composite coating are carried out using the Taguchi technique, which has been a statistical tool designed to optimize texture coefficient based on three factors: precursor concentration, annealing temperature, and annealing time \[[@bib84], [@bib85], [@bib86]\].

In other studies, the reduction of brittleness in glass composites, and the improvement of its elasticity are accomplished by the incorporation of a synthetic polymer known as polycaprolactone (PLC). When incorporated into the glass composite mixture, PLC acts as an organic material due to its biocompatibility and biodegradation and exhibits qualities similar to a natural polymer present in bone, collagen, primarily known to improve elasticity and cellular adhesion. Studies determined that the PLC-Bioactive glass composite containing 75 wt% bioactive glass, produced a promising composite capable of participating in bone tissue engineering application \[[@bib87]\]. [Fig. 2](#fig2){ref-type="fig"} shows a polysiloxane/bioactive glass composite coating on the SS316 surface and the human osteoblast-like cells (MG-63) morphology on the uncoated and coated surfaces \[[@bib88]\]. The *in vitro* cell culture study indicated the composite coating possesses a good cytocompatibility.Fig. 2(a--b) Polysiloxane/bioactive glass composite coating morphology on the SS316 surface and (c--f) human osteoblast-like cells (MG-63) morphology when cultured with the (c--d) coated surface and (e--f) uncoated SS316 surface for 48 h \[[@bib88]\].Fig. 2

4. Bioactive glass coating methods {#sec4}
==================================

4.1. Pretreatments of alloys {#sec4.1}
----------------------------

Dissolution or corrosion in metals occurs via the electrochemical redox reactions. Therefore, pretreatment is important in limiting or somewhat controlling the corrosion rate. For instance, the pretreatment of bioactive Ti and its alloys via simple chemical surface treatment can improve corrosion resistance \[[@bib89]\]. Surface pretreatment could also increase the implant surface area and thus beneficial for its surface activity. For example, after NaOH and heat treatment, there was an apatite layer formed on the titanium surface, which made the metal implant more conducive to tissue bonding. Cell media pretreatment and alkali heat treatment have also been used to promote the cell adhesion, hydroxyapatite formation, and overall biological performance of implant performance \[[@bib90], [@bib91], [@bib92]\]. In addition to the chemical methods, mechanical methods are also commonly used to increase or decrease the surface roughness. The mechanical grinding and polishing are beneficial to increase the coating adhesion for the successive coating treatment \[[@bib93]\]. Shot blasting or peening processes are also well known to produce nanocrystal thin layers on the metal surfaces \[[@bib94]\].

4.2. Coating methods {#sec4.2}
--------------------

Coating methods are crucial for utilizing the benefits from both biocompatible metal and bioactive glass, which are designed to bind the bioactive glass and the metal substrate to provide a more compatible biomaterial. The main purpose of applying a coating is to extend the life of materials used as biomedical components. Bioactive glass or ceramics are typically used to coat implant materials to improve the attachment and interaction between the metals and the surrounding tissue. With this type of improvement, the overall life of the implant or the coated material is extended. Additionally, the coating protects the material from leaching, corrosion, and degradation that often occurs over time when in the presence of the human\'s bodily environment. Popular methods of coating include sol-gel technique, enameling, electrophoretic deposition, thermal spraying, and laser cladding. [Table 3](#tbl3){ref-type="table"} provides a summary of bioactive glass coating techniques and their advantages and disadvantages.Table 3Pros and cons of commonly used coating methods.Table 3MethodsProsConsRef.EnamelingSimple, cheap, versatile, large range of thicknessCompositional gradient, glass crystallization, metal degradation, formation of chemical by-product, thermal residual stress\[[@bib95],[@bib96]\]Sol-gelControlled composition and homogeneity, large compositional range of bioactive glasses, versatile, porous microstructure, multilayer coatingPost heat treatment for setting introduces internal stress due to difference in CTE between coating and substrate\[[@bib97], [@bib98], [@bib99]\]Electrophoretic depositionConsistent, cheap, coating objects with a complex shape, easy thickness controlSubstrate must be conductive\[[@bib85],[@bib100],[@bib101]\]Laser claddingFlat coating on surfaces with curved geometryNeed surface pre-treatment, lack of uniformity\[[@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44],[@bib102]\]Thermal sprayWide range of coating materials, small probability to compromise glass bioactivityPoor adhesion between glass and substrate\[[@bib105],[@bib106]\]

Enameling is a type of traditional surface treatment that involves the fusing of a layer of glass frit \[[@bib95]\]. However, the development of a lower melting frit can be used depending on the metal substrate that is being coated. Advantages of enameling include low cost of processing, ease of operation, and the possibility of optimization by changing the parameters \[[@bib96]\]. The enameling method along with tailoring the composition of the glass is known to be a possible option to fabricate a layer of bioactive glasses onto bioinert metal substrates with adequate thermal expansion coefficient, good adherence, and bioactivity.

With the advantage of low-cost, high purity, high accommodation for compositions, relatively good adhesion on complex substrate and uniformity of coating layer, sol-gel becomes one of the most popular coating methods for bioactive glass or glass-ceramic composite \[[@bib97]\]. It is also convenient to combine sol-gel with other different coating technologies. Despite the convenience, the sol-gel process requires high temperature of post-heat treatment to fix the bioactive coating upon the metallic substrate \[[@bib98]\], the high temperature involves the mismatch of coefficient of thermal expansion between substrate and coating layer, the accumulation of residual stress on interface or the compositional change of the coated glasses \[[@bib99]\]. Since these issues largely weaken the biocompatibility, interfacial adhesion, and corrosion resistance, the recent researches used various methods, including, protective layer coating, substrate etching or polymer-assistance procedure, to optimize the sol-gel process.

Electrophoretic deposition (EPD) is known to be a highly convenient method that can produce a variety of coatings such as ceramic polymers and composite for numerous applications. The process of EPD consists of the deposition of particles (e.g. bioactive glass particles) that are suspended in a stable solvent \[[@bib100]\]. Electrophoresis occurs via the movement of charged particles or molecules while deposition consists of the coagulation and precipitation of these particles and molecules on the electrode surface. Benefits of this process include its simplicity in procedure, the ability to fabricate coatings on complex-shaped substrates, ability to deposit temperature sensitive coatings at room temperature, achieving homogeneous and high purity coating, the possibility of achieving porous and textured coatings, its short processing time, and the capability of manipulating the coating thickness \[[@bib85],[@bib100],[@bib101]\].

Comparing to the conventional surface modification techniques, laser technique not only conducting fast surface modification with high resolution but also taking care of advantages as mention above \[[@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44]\]. Moreover, considering short laser beam-material interaction times (milliseconds to few seconds), Krzyzanowski et al. predicted the evolution of thermokinetic conditions and thermal stresses during the laser-assisted synthesis of bioactive glass coating on Ti-based alloys using a comprehensive computational model and primary experimental observations \[[@bib102]\]. It is easy to produce micro-cracks within the coating during the laser coating operation. It is mainly attributed to rapid cooling cycle during laser treatments. The porosity produced within the coated layers was regarded to be beneficial for cell attachment when used in biomedical applications \[[@bib103]\].

Thermal spray, also referred to as plasma spray or suspension plasma spray, is the only technology commercially approved by U.S. Food and Drug Administration (FDA), according to the minimum requirements for ASTM [F1854-15](astm:F1854){#intref0010} \[[@bib104]\], as shown in [Table 4](#tbl4){ref-type="table"}. In the coating process, molten particles are created and deposited onto the substrate in the form of flattened drops that pile on each other to produce a layered coating. It allows for in-situ deposition of the coating while preserving the amorphous nature of the feedstock. It has been shown in a previous study that the bioactive glass coating doped with MgO leads to the formation of an Mg-rich apatite layer \[[@bib105]\]. Despite the overall aspect that plasma spray has been considered a successful technique for biomedical application, it indicates that the coating tends to experience cracking overtime. This was regarded as a result of high dissolution rate, low mechanical strength, and low chemical stability \[[@bib106]\].Table 4Minimum requirements of coating properties according to according to ASTM [F1854-15](astm:F1854){#intref0060} \[[@bib104]\].Table 4PropertySpecificationThicknessNot specificInterface particle and void\<100 μm (void \< 50 μm)Tensile strength\>22 MPa (\>24.1 MPa with polymeric adhesive)Shear strength\>20 MPa (stable within 10^7^ cycle)Abrasion\<65 mg (after 100 cycle); \<50% deformation

5. Coating criteria and evaluations {#sec5}
===================================

There are several key criteria for a successful coating. First, the coefficient of thermal expansion (CTE) of glass and metallic substrates should be close to prevent crack or delamination during sintering process. For instance, CTE of 45S5 is reported 15.1 × 10^−6^ K^−1^, which is dependent on the measurement technique and testing parameters \[[@bib8]\], while for Ti and Ti alloys, the most commonly used metallic implants, have a CTE of \~8--10 × 10^−6^ K^−1^ \[[@bib8]\]. In a case like this, some oxides such as SiO~2~, MgO or K~2~O concentration must be increased in order to decrease the CTE of 45S5 in order to have a matching CTE \[[@bib8]\]. Additionally, inducing a bond-coat in between glass and metallic substrate could overcome this drawback \[[@bib107]\].

Secondly, the sintering process should not degrade the properties of both metals and glasses. For instance, α to β transformation of Ti and its alloys (885--950 °C for unalloyed Ti, depending on the impurity content, and 955--1010 °C for Ti6Al4V) should be avoided to prevent degradation of the mechanical properties of the implant \[[@bib108]\]. On the other hand, glasses have a wider processing window (the large difference between glass transition temperature and crystallization temperature) would benefit the coating application, since crystallization results in reduced bioactivity of glasses \[[@bib109]\].

Thirdly, good adhesion should form at the interface between the glass and substrate. It was found that reactive plasma spraying coating technique offers a high quality of adhesion strength (40 MPa in shear stress and 70 MPa in tensile stress) \[[@bib110]\]. It has shown that the sintering temperature and time could significantly change the coating/substrate interface reactions and thus influence the coating adhesion property, as shown in [Fig. 3](#fig3){ref-type="fig"} a-b \[[@bib108]\]. Normally, high temperatures could create porosity in the inner part of a coating where the coating directly binds to the substrate, therefore resulting in a lower degree of densification which caused a reduction in the strength of the coating-substrate bonding \[[@bib111]\]. It should be pointed out that more than 30 testing methods exist for adhesion evaluation of coatings and there exists no single ideal adhesion test; therefore, choosing an appropriate and economically feasible testing method or combination of methods should be considered for different products and applications and \[[@bib110]\]. SEM can be used conveniently to determine the interfacial behavior of coating-substrate interaction. [Fig. 3](#fig3){ref-type="fig"}c--d illustrates one example to characterize the coating interface property through the cracking behavior after Vickers indentations \[[@bib108]\]. The cracks were developed towards the glass instead of the interface direction, which indicates a good interface reaction and coating adhesion.Fig. 3(a) Effects of sintering time and temperature on the coating adhesion of bioactive glass 6P57 on Ti6A14V and 6P50 on Co--Cr and (b) the corresponding interface behavior after Vickers indentations \[[@bib108]\].Fig. 3

Moreover, corrosion resistance is an important factor to consider for the bioactive glasses based on their intended application. Corrosion study has been carried out in simulated body fluid (SBF). This process involves exposing the glass material to the SBF solution at allocated time segments and tracking their loss in mass and their potentiodynamic responses. In some cases, atomic absorption spectrophotometry has been used to obtain more precise results after such tests were carried out \[[@bib112]\]. Additionally, in studies evaluating the corrosion rate of surface proteins and its influence on the behavior of bioactive glass in SBF, XPS was used to determine the absorption of proteins to the surface of an Mg-alloy coated with chitosan-BG \[[@bib113]\].

6. Biomedical applications and evaluations {#sec6}
==========================================

[Fig. 4](#fig4){ref-type="fig"} shows the biological performance of bioactive glass *in vitro* and *in vivo*. When bioactive glass comes into contact with tissues in the body, its biocompatibility is determined by a series of reactions. Ions leave the glass material complex of the implant surface to enter the body fluid while hydrogen leaves the body fluids to form a network with silicon in the glass coating. This network attracts the movement of ions to the surface of the SiO~2~ rich layer, resulting in the formation of an amorphous (ACP) layer or hydroxyl-carbonate-apatite (HCA) layer when crystallized, as shown in [Fig. 4](#fig4){ref-type="fig"} a-c \[[@bib69],[@bib114],[@bib115]\]. This layer is very important because it provides a link between the tissue and the glass material. The success of these reactions confirms the biocompatibility of the implant material. Otherwise, the body would reject the implant by interpreting it as a foreign entity, forming a fibrous capsule around it. With the avoidance of rejection, the implant would then be able to achieve a long-term application.Fig. 4*In vitro* and *in vivo* bioactivity of bioactive glass. (a) Scheme of apatite formation on the surface of bioactive glass \[[@bib114]\]. (b--c) SEM images of the layer-structured hydroxyapatite microspheres converted from 2Na~2~O--2CaO--6B~2~O~3~ bioactive glass *in vitro* \[[@bib69]\]. (d) BSE-SEM images and elemental mappings for Ti (blue), Ca (red), Si (green) of sol--gel bioactive glass coated porous Ti after 4 weeks of implantation in a rabbit tibia defect \[[@bib121]\].Fig. 4

Based on the above interactions between the bioactive glass coating and the tissue, especially the HCA formation, it is classically used in dental and orthopedic applications. The first *in vivo* test on 45S5 was in rat femurs \[[@bib61],[@bib116]\]. Subsequent *in vivo* studies indicate 45S5 regenerates bone better than commercial bioceramics \[[@bib117], [@bib118], [@bib119]\]. It has been found that the bioactive glass could induce the formation of vascular and bone tissues in the rabbit tibia \[[@bib120]\]. [Fig. 4](#fig4){ref-type="fig"}d shows the mineralized tissue formation on the bioactive coating after 4 weeks of implantation in a rabbit tibia defect \[[@bib121]\]. Comparative studies have been conducted between the bioactive glass-coated and hydroxyapatite-coated titanium dental implants, and bioactive glass coating materials showed similar or better performance than hydroxyapatite coating in achieving osseointegration in the human jaw bone \[[@bib122],[@bib123]\]. Recent studies have indicated that the application of bioactive glass has surpassed the traditional hard tissue bonding capabilities in dental and orthopedic implants, and advanced in soft tissue applications as nano-particles, including cardiac tissue regeneration, wound healing/dressing, nerve regeneration, gastrointestinal regeneration, urinary tract, lung tissue engineering, and laryngeal repair \[[@bib124]\].

Although there have been many previous clinical studies about the bioactive glass coating on metallic implants \[[@bib122],[@bib123],[@bib125],[@bib126]\], an issue with clinical trials is that results cannot be compared directly because of different patient and applications. *In vivo* animal study could be easier for comparisons and close to the clinical trials. As compared to *in vivo* testing as mentioned above, *in vitro* evaluation is more economical and budget-friendly, e.g., cell culture, immersion test in various solutions such as SBF. Nevertheless, it should be pointed out that bioactivity evaluated by *in vitro* method has some notable exceptions although it is generally agreeable with *in vivo* bioactivity \[[@bib127],[@bib128]\]. Details of the experimental conditions can significantly alter the dissolution rate and apatite formation \[[@bib129], [@bib130], [@bib131], [@bib132]\]. Therefore, following an ISO standard test \[[@bib133]\] is highly recommended. Macon et al. \[[@bib134]\] proposed a testing method based on an ISO standard procedural for a better evaluation for glasses that have very different specific surface areas. Due to the different tolerance of each element in different host tissue (e.g., the limited concentration of silicon is 0.6 μg/mL for serum and 41 μg/mL for muscle \[[@bib64]\]), dynamic tests can be more accurate for mimicking element released concentration. Studies by Marquardt et al. \[[@bib135]\] and Modglin et al. \[[@bib136]\] discovered that even though released boron ions exhibit toxicity in static experiments *in vitro*, the negative effect can be minimized in a dynamic environment, which is close to the microvasculature from human body. Fu et al. \[[@bib137]\] observed similar results in 13--93 bioactive glass with all silica substituted by boron oxide. It was found that the glass is toxic to osteogenic cells *in vitro* but did not show toxicity and support new tissue infiltration *in vivo* when implanted in rats.

7. Conclusions and perspectives {#sec7}
===============================

In summary, we acknowledge the solid growth and development in metallic implant materials and bioactive glasses and glass-ceramics, as well as the application of bioactive glass as a coating on metallic implants for better biocompatibility and various biomedical applications. The integration of metallic implants and bioactive glasses provide a combination of mechanical, corrosion and biological advantages. Moving forward, it is believed that the application of glass-based coatings on metallic implants could surpass the traditional hard tissue bonding capabilities in dental and orthopedic implants, and advance in soft tissue applications, and 3D coating application on porous scaffolds. However, there are still many difficulties to overcome before their clinical applications. Metals and glasses have distinctly different thermal expansion coefficients, leading to the coating stress and failure. Depending on the glass properties, metal substrates, and specific applications, different coating methods can be selected to improve the chance of achieving a coating with good adhesion while maintaining the bioactivity. Moreover, it is important to consider the vast dynamics of the human body, therefore, it is understandable to state that every different type of implant is subjected to a different environment.
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